. Purpose: To characterize and evaluate the repeatability of ultrasound recorded blood flow in the axillary artery during one-arm dynamic elbow flexion. Method: 11 healthy women (23 Ϯ 0.9 yr, 168 Ϯ 1.7 cm, 63 Ϯ 1.1 kg) performed 90°elbow flexion in supine position. Mean maximum blood velocity was recorded by ultrasound during and after two submaximal loads, representing 16 and 24% of maximal voluntary contraction, and after exhaustion (V O 2peak ). Axillary artery diameter was measured after each workload. Each subject was examined two times 8 wk apart. Oxygen uptake was measured during exercise. Values are mean Ϯ SE. Results: Flow was not different in the two tests. Flow was 25% higher immediately after than during exercise at the submaximal workloads. Flow immediately after V O 2peak was 1420 Ϯ 79 mL·min
Ϫ1
. Axillary artery diameter after V O 2peak was 8% larger than at rest. Coefficient of variation ranged from 11 to 23%, Coefficient of repeatability ranged from 230 mL·min Ϫ1 at rest to 940 mL·min Ϫ1 after exercise. Coefficient of repeatability for artery diameter was 0.09 cm; coefficient of variation for diameter was about 4% at all recording times. Conclusion: The present study showed that ultrasound recordings of blood flow during dynamic elbow-flexion exercise were reproducible. The method can be used to study training-induced flow changes and can detect differences of about 130 mL·min
. Artery diameter seemed to increase as flow and load increased. Key Words: REGIONAL BLOOD FLOW, ARTERIAL DIAMETER, VASO-DILATION, POSTEXERCISE FLOW, REPEATABILITY A erobic endurance capacity is highly dependent upon an effective oxygen transport system, and the large amounts of oxygen that are needed during endurance exercise are primarily provided by increasing the blood flow to the working muscles (3) . Ultrasound has been increasingly used to determine flow (20, 26) , the femoral and brachial artery being most studied. Femoral artery studies have shown flow per muscle mass to be higher than previously thought and has made it likely that muscle blood flow during whole-body exercise is mainly limited by cardiac output (28) . It would thus be important to use exercise conditions where cardiac output is unlikely to limit flow, to investigate the possible changes in muscle blood flow as a training response. One-arm exercise is well suited for training experiments or comparison of trained and untrained, as there is not a need for the arms to be used regularly in the same way as the legs, and thus a larger potential for response to training. Flow in the brachial artery during forearm exercise has been widely investigated (11, 26) , but to establish a method where exercise was more dynamic, we decided to study flow in the axillary artery during elbowflexion exercise.
Diameter measurements are obviously an important part of flow measurements. Several studies have established that large arteries of well-trained individuals have larger dimensions than in sedentary counterparts (10, 14, 15, 30) . However, no consensus exists about changes of the arterial diameter during exercise. Rådegran (20) concluded that the femoral artery size is not altered during exercise and that calculation of flow during exercise can be based on resting diameter measurements. This finding is in sharp contrast to the results from Shoemaker et al. (27) in the brachial artery, which showed an early but transient reduction in diameter, followed by a dilatation above rest in heavier exercise. The caliber of the arteries and corresponding difference in proximity to the working muscles may explain this difference.
Thus, the aims of the present study were 1) to characterize ultrasound blood flow measurements, evaluate their repeatability, and estimate the magnitude of training induced changes of flow during exercise that can be detected using the present model; and 2) to determine whether the arterial diameter size changes from rest to exercise.
MATERIALS AND METHODS
Eleven healthy women participated in the study (23 Ϯ 0.9 yr, 168 Ϯ 1.7 cm, 63 Ϯ 1.1 kg, V O 2max 51.1 Ϯ 1.7 mL·kg Ϫ1 ·min Ϫ1 , hemoglobin 13.5 Ϯ 0.2 g·dL Ϫ1 , and arm muscle mass 1.68 Ϯ 0.062 kg). The study was conducted in accordance with the Helsinki declaration and was approved by the regional ethical committee. The subjects gave written informed consent to participate after having received information about the protocols and the aims of the study, and were free to withdraw from further experiments at any time. On this previous visit to the lab, they were also familiarized with the exercise model. Exercise protocol. Each subject was examined two times, 8 wk apart. Subjects did not eat 2 h before test and did not drink coffee on test days. In the supine position, the nondominant arm (left for all subjects) was stabilized on a horizontal platform at the level of the heart. The arm was abducted 45°relative to the torso and legs. An adjustable bar applied pressure to the proximal part of the upper arm to keep the shoulder and upper arm as quiet as possible during exercise. The training apparatus was a modified cable pulley. The cable ran from a wheel at ground level to the hand of the subject, which at rest was positioned 1 m away and 50 cm higher than the wheel (Fig. 1) . Subjects held the grip bar at the end of the cable in their hand. During exercise, the subjects' forearms and hands were the only parts moving. The range of movement was 90°, ranging from 10°to 100°elbow flexion. The flexion took place in a vertical plane including the cable and the subjects' arms. The brachialis, biceps, brachioradialis, and wrist -flexing muscles were doing most of the work. A duty-cycle rate of 30 per minute (1 s concentric contraction/1 s eccentric contraction) was chosen as a balance point between two needs; to make the exercise as dynamic as possible and to keep the area still to allow good velocity recordings. A metronome regulated the duty-cycle rate. Arm movement during exercise resulted in 50-cm vertical displacement of the load. The resulting average power output for exercise at 1.0 kg, 1.5 kg, and mean peak load in test 2 (2.7 kg) was thus about 4.9 W, 7.4 W, and 13 W.
After 30-min supine rest, baseline values for axillary artery diameter (AD) and mean maximum blood velocity (MMBV) were recorded. Immediately thereafter, subjects performed two 5-min work periods at 1.0 kg and 1.5 kg, representing about 16 and 24% of their maximal voluntary contraction (MVC) force in this exercise mode. The two periods were followed by a 2-min period of rest. After the two submaximal workloads, subjects started to work with a load of 2.0 kg, and this was increased with 0.5 kg every second minute until the subjects were no longer able to keep up with the metronome frequency. Whole-body oxygen uptake (V O 2 ), MMBV, AD, and load at this point were registered as peak values. The submaximal loads were chosen after pilot experiments showing that flow and oxygen uptake stabilized after 2-min exercise at these loads, and that 5-min exercise did not lead to exhaustion in any subjects. In the study experiments, MMBV was recorded at 2 and 3.5 min during the 5-min periods and within 10 s after exercise had stopped at submaximal and peak loads. AD was recorded 45 s after exercise at submaximal and peak loads. Amount of muscle tissue in the exercising arm was calculated as total limb volume Ϫ (fat volume ϩ bone volume). Total volume was based on arm length and five circumferential measurements, skin fold recordings were made to determine fat volume, and intercondylar diameters were used in bone volume calculations, as described by Shepard et al. (24) . Room temperature was 22°C.
Image acquisition. The operator handheld the probe at the lower border of the lateral half of the clavicle (deltopectoral triangle) and continuously adjusted its position according to the exercise movements. The vessel moved about 1-2 mm during submaximal exercise; at peak exercise, movements were too large to allow reliable MMBV recordings. AD and MMBV were recorded with a flat-phased array probe (center frequency 6 MHz, Doppler frequency 3.65 MHz) and a System FiVe scanner (GE Vingmed Sound, Horten, Norway). Diameter was recorded in B mode, and AD measured in the part of the artery running perpendicular to the ultrasound beam direction. The operator searched for the largest diameter, strong wall signals, and a long longitudinal section of the artery in each image. MMBV was recorded by pulsed wave Doppler with a sample volume of 3.0 mm; the range of insonation angles was 52-58°. The artery was insonated at a depth of 2-3.5 cm. The position of the sample volume and direction of the angle-compensation marker were continuously adjusted by simultaneously viewing the 2D image and the velocity spectrum, and listening to the audio output of the Doppler frequency shift. The same operator made all ultrasound measurements.
Ultrasound measurements. All ultrasound measurements were stored digitally and analyzed off-line in EchoPAC TM (version 6.2, GE Vingmed Sound) on a personal computer. To reduce the risk for operator bias, no values were known to the operator at the time of recording. B-mode diameter recordings were analyzed using calipers with a resolution of 0.1 mm. All diameter measurements were taken from trailing to leading edge. Diameters used in calculations were weighted according to the length of the diastolic and systolic phases of the heart cycle: D ϭ 1/3 systolic diameter ϩ 2/3 diastolic diameter. Systolic diameters were measured at the start of the T wave in the ECG, as this was the time when blood velocities were near their maximum. Diastolic diameters were measured at the start of the QRS complex, as this was the easiest way to standardize the timing of these measurements. In each image, the average of three measurements was stored as the representative value. Resting AD was calculated as mean of three images. Blood velocity was calculated from maximal envelope values, and was thus termed mean maximal blood velocity (MMBV). Flow was calculated from the artery cross-section area and MMBV. (The overestimation of flow following the use of maximal values is described in the Discussion section.) The low-velocity filter was set to 10 cm·s
Ϫ1
. MMBV values at rest were averaged over six cardiac cycles; values immediately after exercise were averaged over three cardiac cycles. Exercise MMBV values were calculated as the mean of a 4-s period (two duty cycles). Exercise flow values were calculated using MMBV from the respective time points and the AD recorded after the same exercise period.
Heart rate was recorded continuously by electrodes placed on the chest. MVC and one-repetition maximum (1RM) for the exercise model were measured in both tests. Subjects lifted increasing loads, and after two unsuccessful attempts, load at the last successful lift was recorded as 1RM. V O 2 was measured at rest and during exercise using an Ergoscreen (EOS Jaeger, Würtzburg, Germany). The procedure for testing of V O 2max has been described previously (8) .
Statistical analysis. Data are presented as mean and standard error of the mean. Paired samples t-test and ANOVA for repeated measurements with adjustment of P according to the Bonferroni method were used. Coefficients of repeatability (COR) for flow, MMBV, and AD in the tests were calculated as two times the standard deviation of the mean difference between tests, as described by Bland and Altman (4); 95% of the differences between tests were less than 1 COR. The mean Ϯ 1 COR equaled the 95% confidence interval for the differences between the two tests. Coefficients of variation (COV) were included to allow comparison with previous studies. A P Ͻ 0.05 was considered statistically significant.
RESULTS
Flow and AD characteristics. Flow during and after the 1.5-kg load period was larger than corresponding values at the 1.0-kg period. Flow measurements at 2 and 3.5 min in the same exercise periods did not differ. When flow values from the two tests were averaged, flow after the 1.0 kg period was 22 Ϯ 6% (153 Ϯ 40 mL·min Ϫ1 ) higher than at 2 min during the same period (P Ͻ 0.002). For the 1.5-kg periods in the two tests, the average increase was 30 Ϯ 8% (254 Ϯ 70 mL·min Ϫ1 ) (P Ͻ 0.005). Average total arm blood flow after peak in the two tests was 1420 Ϯ 79 mL·min Ϫ1 . AD after the 1.5-kg stage and after V O 2peak were 5 Ϯ 1% and 8 Ϯ 1%, respectively, larger than at rest (Table 1) . MBV values are shown in Table 2 .
Flow and AD repeatability. Flow was not different in the two tests. COR and mean COV for flow during exercise was lower than for flow at rest and immediately after exercise (Table 3 ). AD was not significantly different in the two tests. The largest difference between tests was found after the 1.0-kg period (0.4 Ϯ 0.01 mm, P ϭ 0.056). COR for AD was about 0.06 cm at all recording points; mean COV for AD ranged from 3.8 to 5.4% (Table 1) .
Heart rate. Heart rate at
). There were no significant differences between test 1 and 2 at rest (62 Ϯ 3 vs 62 Ϯ 3 beats per min), the 1.0-kg stage (75 Ϯ 4 vs 70 Ϯ 4 beats per min), or at V O 2peak (111 Ϯ 6 vs 117 Ϯ 6 beats per min).
Load. Load at peak was 2.5 Ϯ 0.2 kg and 2.7 Ϯ 0.2 kg in the two tests (P ϭ NS). MVC and 1RM were not different across tests (78 Ϯ 12 vs 82 Ϯ 10 N and 7.0 Ϯ 0.9 vs 7.9 Ϯ 0.9 kg, respectively, in test 1 and 2). Load during the submaximal stages (1.0 kg and 1.5 kg) was 43 Ϯ 4% and 65 Ϯ 6% of load at V O 2peak in test 1.
Oxygen
DISCUSSION
This is the first study to use ultrasound to characterize flow to the arm during dynamic one-arm elbow-flexion exercise and to evaluate the reliability of such measurements. Our results showed that this method was reliable and suitable for studies of possible training-induced changes of flow.
Flow characteristics. The present study supports the observation of stabilization of flow after about 2 min of submaximal exercise (21, 25, 26) . Flow immediately after the exercise periods was 22-30% larger than flow during exercise, and this difference was in the same range as previously reported from an equally designed experiment (25) . During exercise, flow was severely limited in the concentric phase (Fig. 2.) . This is not surprising, as loads in the present study were 16 and 24% of MVC, and even loads of 6% of MVC limit flow (19) . A better signal from the quiet arm after exercise could have contributed to the observed increase.
Validity of flow measurements. The use of mean maximal blood velocity in calculations of flow in a peripheral artery clearly results in overestimated values. The magnitude of this overestimation depends on the flow profile in the vessel. The profile is flattened during systole, and more parabolic during diastole. During exercise, perfusion pressure will vary according to the intramuscular pressure, and changes in pressure gradients will induce changes in the profile (7, 16) . When flow is nonpulsatile, average velocity is 50% of the maximum central velocity, and Eriksen (6) argues, from a theoretical point of view, that this is also the case in pulsatile flow. During in vivo experiments, Kiserud et al. (13) found a mean/max velocity ratio of 0.69 in the inlet of ductus venosus. A value above 0.5 was to be expected as measurements were made immediately after a narrowing of the vessel. In the present study, velocities were recorded a considerable distance away from the origin of the artery, and the mean velocity can thus be expected to be as low as 50% of the maximum velocity. It is generally better to estimate flow with uniform insonation, but when the vessel is moving during exercise, signals from for instance neighboring veins might be included in the sample volume. Under such conditions, recording of the maximum velocity might yield more robust data, but flow must be calculated with caution (13) . A large insonation angle made the transit time for the scatterers in blood short and resulted in a broadening of the velocity spectrum of about 10%. As maximum velocities were used in calculations, this contributed to the overestimation of flow. The low velocity filter was set to 0.10 cm·s Ϫ1 , which was less than 10% of the maximum velocities at rest and V O 2peak . Loss of signals from flow reversals less than 0.10 cm·s Ϫ1 was unlikely to have any significant effect on flow calculations. A diameter value corrected for different duration of systole and diastole at rest (1:2) was used in flow calculations. As diastole is shorter at exercise heart rates, and flow mostly takes part in systole, this will probably lead to underestimated flow during and after exercise.
Flow and muscle mass. The anthropometrical measurements may have led to underestimation of mass normalized flow, as they have been demonstrated to do in the legs, where precise estimates of muscle mass require substantial imaging procedures (22) . With the limitations in flow estimation mentioned above, only approximate values of mass normalized flow can be given. If true flow is assumed to be 50% of the values presented in Table 3 , and the exercising muscles assumed to constitute half of the measured arm muscle mass, mass normalized flow is about 100 mL·min Ϫ1 ·100 g Ϫ1 muscle. This is considerably lower than previous estimates of 330 and 250 mL·min Ϫ1 ·100 g Ϫ1 muscle during forearm and quadriceps exercise, respectively (19, 22) . More complete relaxation, and thus lower intramuscular pressure during the eccentric phase, could have increased flow during exercise. If the duty cycles had been shorter, flow could have increased because of higher work rate and more contribution from the muscle pump (21). Flow repeatability. There were no significant differences in flow at any time point in the two tests. The large COV (29%) and COR for flow at rest in the present study could be explained by the short recording interval (6 cardiac cycles). A COV value of 17% have been reported for flow averaged over 60 s (26) and 22% for flow averaged over five cardiac cycles (18) . Compared with exercise values, flow at rest is low, and beat-to-beat changes of stroke volume and peripheral resistance might have caused a relatively larger variation at rest. Large time series are necessary to demonstrate differences in resting steady state.
Mean COV for flow during exercise in the present study was about 11%. This is in the same range as previous reports from the femoral (6% for measurements during the same session) (20) and brachial artery (15% at three separate test days) (26) . The difference in heart rate at 1.5-kg workload between tests could indicate that the subjects were more accustomed to the exercise in test 2. The fact that there were no differences at the other loads and no significant difference in flow weighs against this. Changes in the perfusion pressure gradient through the duty-cycle cause considerable beat-by-beat variation in flow (21, Fig. 2 ), but averaging velocity over more than two duty cycles would probably not have reduced COV values during exercise (26) . A tighter strapping of the subjects would have reduced movement of the shoulder and maybe thus variability. On the other hand, it could have increased the work of other muscles in the upper body, as it would have given them a possibility to act against a resistance. This could have affected blood pressure, cardiac output, and V O 2 , and thereby blood flow to the arm. COR and COV for flow measurements immediately after exercise were higher than during exercise. The cause of this is probably the rapid flow increase and decrease previously demonstrated to take place after exercise (25) .
A correct estimate of the insonation angle () is critical for velocity measurements, especially at large angles. As an error of ϩ3°when ϭ 55°would give an overestimation of velocity of 8%, this can be an important source of variability. The resolution of the on-line angle correction indicator was 0.8°. If the ultrasound-imaging plane and the vessel plane deviates Ͻ15°, the underestimation will be Ͻ3%.
In the design of future studies where possible traininginduced changes in flow might be of interest, it is important to know the ability of the method to detect the expected changes. This ability can be calculated using reversed power analysis (1) . The difference between flow at 1.0 kg in test 1 and 1.5 kg in test 2 could be used as an example of a training-induced difference. Values from 2 and 3.5 min in each period were averaged, and the standard deviation of the flow difference between the loads was calculated. Given some assumptions of power (0.80), significance level (P ϭ 0.05) and number of subjects (N ϭ 11), the size of the detectable difference was estimated to 130 mL·min Ϫ1 . Diameter characteristics. AD seemed to behave in a dose-dependent manner relative to exercise intensity (Table 1) and increased by about 0.5 mm from rest to after V O 2peak in both tests. This 8% dilatation is large compared with previous exercise and reactive hyperaemia studies, especially considering the caliber of the artery (5). The dilatation was also found when systolic and diastolic recordings were analyzed separately. However, the registered difference must be seen in association with the properties of the equipment. A transmitted frequency of 6 MHz gives a radial resolution of 0.25 mm. If, in a worst case, this error occurs at both edges, the error will be 0.5 mm. However, with six averaged recordings on implanted silicon tubes, an upper 95% confidence limit of 0.09 mm for the diameter error has been achieved (12) . A comparison of ultrasound and angiographic measurements of the left anterior descending coronary artery demonstrated a mean difference of 0.04 mm, with 95% limit of agreement of ϩ 0.32 to Ϫ0.24 mm (9). In light of this, it is likely that a dilatation took place in the present study.
There have previously been conflicting reports on the occurrence of dilatation of large arteries like the femoral and brachial arteries during exercise (20, 23, 26, 27) . Increased diameters of arteries supplying sport-specific muscles after 8 weeks (17) or years (30) of training suggest that dilatation is a part of the physiological adaptation to training. Shear stress-induced endotheliummediated mechanisms might be involved (17) . The hemodynamic effect of the dilatation in the present study depends on whether the axillary artery limits flow. Previous studies suggest that the common femoral artery does not limit flow during isolated quadriceps exercise but might do so in two-leg cycling (15, 23) . A rough calculation of the Reynolds' number for AD and MMBV in the axillary artery after peak indicates that flow was laminar even at this stage (23) . Thus, the demand of the working muscles did not exceed the conducting capacity of the axillary artery, and the largest fall in perfusion pressure, and thus flow regulation probably took place in the microcirculation. The 8% dilatation of the axillary artery probably allowed Ͻ 1% increase of flow (16, 23 ).
An increased blood pressure could have contributed to a dilatation of the artery through increased distending pressure. Blood pressure was not monitored during the present study, but both arm work and exercise to exhaustion are factors known to increase both diastolic and systolic blood pressure significantly (2) . Increased blood pressure has been shown to be associated with dilatation of the brachial artery during forearm exercise (27) , whereas no dilatation occurred during knee-extensor exercise (23) .
Diameter repeatability. The difference between AD recordings in the two tests was about 3 mm at all recording points but did not reach a significant level. For an artery with a diameter of about 6 mm, an error of 0.2 mm gives an error in calculated flow of 7%, which equals about 100 mL·min Ϫ1 for flow values at V O 2peak in the present study. Values for mean COV for AD in the current study (4 -5%) were in the same range as earlier studies. Rådegran (20) and Kagaya and Homma (11) reported COV for repeated measurements in one session of 1.5% and 4% in the femoral and brachial artery, respectively. For recordings on separate days, COV values of 4% and 6% have been found in the brachial and superficial femoral artery, respectively. The calipers used to measure the distance in the analysis program has a resolution of 0.1 mm and could correspondingly lead to 1-2% variation. As the quality of the artery images is not dependent on the diameter, small arteries will have larger estimates of COV than larger ones if the same ultrasound frequency is used. As the axillary artery lies deeper than the brachial and femoral artery, imaging required ultrasound of a lower frequency, which resulted in poorer image resolution. Special edge-detection software can improve repeatability significantly (29) .
CONCLUSION
Flow increased with increasing exercise intensity (660 mL·min Ϫ1 at 1.0 kg versus 850 mL·min Ϫ1 at 1.5 kg). Flow immediately after exercise was 25% larger than flow during exercise. Coefficient of repeatability was lower at rest (230 mL·min
Ϫ1
) and during exercise (260 mL·min Ϫ1 ) than after exercise (868 mL·min Ϫ1 after V O 2peak ). Coefficient of variation was 11% during exercise. Blood flow to the exercising muscles immediately after V O 2peak was about 100 mL·min Ϫ1 ·100 g Ϫ1 muscle, which is significantly lower than previous reports from forearm and quadriceps exercise. The method can detect changes in flow of about 130 mL·min Ϫ1 and seems to be suited for use in investigations of specific strengthand endurance-training effects on blood flow. However, further experiments are needed to validate flow measurements. Axillary artery diameter seemed to increase from rest to exercise in both test. Mean dilatation for both tests was 8% (0.62 cm at rest vs 0.67 cm after V O 2peak ).
